To examine how rod and cone function are differentially affected during retinal degeneration, and after subretinal cell grafting, we obtained light-and dark-adaptation curves by recording threshold multiunit responses from the superior colliculus of anesthetized rats. Unoperated RCS dystrophic and non-dystrophic rats were used and the effects of subretinal grafting in dystrophic rats of cells known to limit photoreceptor degeneration were examined.
Introduction
There is a range of retinal degenerative conditions in humans that lead to photoreceptor loss, often affecting rods first. In exploring possible treatments, considerable attention has been given to studying animal models with retinal degenerative conditions either homologous or analogous to the human photoreceptor degeneration. Frequently assessment of progress of degeneration and efficacy of treatment regimen has been limited to measuring the thickness of the outer nuclear layer. In rodents, the majority of cells in the outer nuclear layer (ONL) are rods, but little is known about how well rods function, particularly under low luminance conditions, during the process of degeneration or after experimental interventions that preserve the ONL. Recent work has questioned the sole reliance on measuring the thickness of the ONL. For example, it has been found that while introduction of growth factor via a transgene rescues photoreceptors, the ERG response is diminished (Bok et al., 1979) . Furthermore, a recent study (Keegan et al., 2003) showing that while cell transplantation can rescue rod photoreceptors in a rhodopsin knockout mouse, it is clearly not going to improve rod function since there is still a rhodopsin deficiency and outer segments fail to develop. Here we have used the Royal College of Surgeons (RCS) rat to approach these questions. In this animal there is substantial loss of rod photoreceptors over the first 3 months of life and a slower cone loss resulting from a mutation affecting retinal pigment epithelial (RPE) cells which compromises the ability of RPE cells to phagocytose photoreceptor outer segments (DÕCruz et al., 2000; Dowling & Sidman, 1962; LaVail, Sidman, Rausin, & Sidman, 1974) . We examined first whether rod function deteriorates along with anatomical loss of photoreceptors and how cones thresholds changed with age. Secondly, we examined whether cell transplantation performed prior to significant rod loss can preserve normal rod and cone function. Attention has been directed at examining light-and dark-adaptation responses recorded from the CNS, namely from the superior colliculus (SC), in animals of progressively increased age and in animals which have received cell transplants of either a retinal pigment epithelial cell line, ARPE19, or Schwann cells. Our previous work (Lawrence et al., 2000; Lund et al., 2001) has shown that subretinal transplantation of either donor cell type rescues photoreceptors in the area of distribution of graft cells.
We have chosen to apply adaptation technique to this problem for two reasons. First it tests the ability of rods to function at low luminance levels and second it provides data that compare with the adaptation studies in humans using psychophysical testing methods. Although psychophysical methods have been used in rodents to establish the threshold levels (Kurylo, Hansen, & Fulton, 1991) , they are clearly time-consuming and cannot be used in titration experiments of the kind performed here. For this reason we have recorded threshold responses in the central visual system. A preliminary communication of part of this work has been presented elsewhere (Girman, Bin, & Lund, 2003) .
Methods

Animals and transplantation procedure
Forty-two rats were used for this study. Animals were housed and handled according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and NIH Guide for the Care and Use of Laboratory Animals. The study comprised three experimental groups: (i) congenic pigmented non-dystrophic (rdy À , p + ) RCS rats (n = 7, age 21 days to 4 months) and Long-Evans rats (n = 5, age 25 days to 3 months); (ii) untreated pigmented dystrophic (rdy + , p + ) RCS rats (n = 19, age 21 days to 5 months), (iii) dystrophic rats with subretinal injections of a human retinal pigment epithelium cell line (hRPE) or a rat Schwann cell primary culture (n = 11, age 28 days to 7 months). While in previous studies, we have used sham operated animals as controls, this was not done here because we were more concerned with examining how cell transplantation may rescue function over background performance levels in adaptation responses. All rats were kept on a 12/12-hours light/dark cycle of fluorescent white light measuring 15 cd/m 2 at cage level. For the transplantation studies, we used two different donor cell types. The first was the extended life human ARPE19 cell line (ATCC) (Dunn, Aotaki-Keen, Putkey, & Hjelmeland, 1996) , which was stored in liquid nitrogen prior to removing, culturing and preparing for transplantation as described elsewhere (Lund et al., 2001) . The second was a primary Schwann cell culture derived from immature sciatic nerve biopsies, as described elsewhere (Lawrence et al., 2000) . Cells were trypsinized, washed and injected trans-sclerally into the subretinal space of young (3-4 weeks of age) dystrophic RCS rats. Two microliters or less of the cell suspension, containing about 1 · 10 4 cells/ll were injected using a fine glass pipette (internal diameter 75-150 lm). The procedure was visualized with an operating microscope through a dilated pupil. The cornea was punctured to reduce intraocular pressure and so limit efflux of cells through the scleral damage associated with introduction of the pipette. Immediately after injection, the fundus was examined to check for retinal damage or signs of vascular distress. Reattachment of the retina was confirmed 1 week later by fundoscopy. Any animals showing problems were rejected and were not included in the final count. Donor cells were checked for viability at the beginning and end of a transplantation session using dye exclusion. A typical figure of greater than 95% intact cells was obtained at both time points. Those animals receiving human donor cells were maintained on oral cyclosporinee (210 mg/l) which has been shown to gives a blood level of about 300 lg/l (Coffey et al., 2002) .
Electrophysiological recordings
We obtained light-and dark-adaptation curves by recording multiunit response thresholds in the superficial layers of the SC against different levels of background illumination (BI). The test stimulus was a light spot (3°in diameter, 0.1 s ON, 5 s interval, 3100 cd/m 2 , or 3.5 log cd/m 2 , maximal brightness) presented on a hemispheric screen (110 cm in diameter) evenly illuminated (0.02 or 20 cd/m 2 ). Neutral density filters (''stimulus filters'') were used to control stimulus brightness by 0.1 log unit steps.
Animal preparation
For the grafted animals, retinal rescue was localized usually to the quadrant adjacent to the injections site. To ensure that adaptation studies were conducted in the area of optimal rescue, we first obtained a maps of visual sensitivity over the SC bilaterally (using a BI of 0.02 cd/m 2 ), by the method described previously (Girman, Wang, & Lund, 2003) . In short, the rat was anesthetized with an intraperitoneal injection of keta-mine (50 mg/kg) and xylazine (6 mg/kg). The head was fixed in a stereotaxic apparatus. After making a small skin incision (3-3.5 mm long), tiny craniotomies (150 lm in diameter) were made in the skull over the SC contralateral to the eye to be stimulated along a precise rectilinear grid of 500 lm steps that covered nearly all the SC retinal projection with the exception of the most medial part, which was obstructed by the sagittal sinus. The orientation and position of the grid were defined with respect to the sagittal suture and lambda respectively. Microelectrode recordings were made through each opening from the surface of the SC to a depth of 100-300 lm using glass-coated tungsten electrodes (resistance: 0.5 MX) and the amplifier bandpass of 500 Hz to 5 kHz. CED 1401 data acquisition interface together with CED Spike-2 software were used to assemble peri-stimulus time histograms online (PSTH; 5 ms bins). After locating a discrete receptive field (RF), we defined the threshold intensity of the test stimulus giving a PSTH with peak amplitude approximately double that of background activity averaged over 5-10 stimulus presentations. This could be readily detected on the audio monitor. This gave a threshold level for that point of 3.5 log cd/m 2 minus the value of the stimulus filter. A total of about 16-20 positions were recorded from each SC. The SC site that gave the lowest threshold responses was used on the following day for generating data for the adaptation curves. These recordings were from within a 15°diameter area of visual field representation with center coordinates around 30°lateral, and 45°dorsal from the vertical and horizontal meridians, respectively. After completion of recording, the skin incision was sutured, the soft black opaque contact lens was installed on the eyeball and the lids were temporarily sutured.
For non-grafted rats, a similar procedure was performed on the day preceding the adaptation study except that recordings were made to identify the site having RF coordinates in the visual field approximately 30°lateral, 45°dorsal from the vertical and horizontal meridians, respectively, i.e. the same retinal area as in grafted animals corresponding to the frontal visual field.
Assessment of adaptation curves
To achieve fully dark-adapted state for the adaptation curve, the experimental animal was kept in the complete darkness for at least 15 h the night before testing. All preparations were done under dim red light. Animal was anesthetized and prepared for microelectrode recording as before. A permanent intra-peritoneal cannula was installed for periodic anesthetic delivery. A specially designed occluding device, which blocked any ambient light, was installed over the eye. This device had a circular opening (approximately 120°in diameter in terms of the visual field) and two slots for inserting neutral density filters (''eye filters'') or black occluder. The filters were used to control BI of the retina while the BI of the screen was held constant. The maximal value of the eye filter was 6.5 log units, and could be reduced in 0.5 log unit steps. The black occluder when introduced precluded any light reaching the eye (checked by the absence of any neuronal responses in the SC even to a bright flashlight pointed at the animalÕs head). The microelectrode was inserted into the brain, the occluding device was temporarily removed, the eyelids were unsutured, and the black contact lens replaced with a transparent one. Finally the device was installed again. All these operations were performed under dim red illumination. We then started the measurements as follows. First, the BI was turned off. Starting with a maximal value for the eye filter and reducing it by steps of 0.5 log units if necessary, we located the appropriate RF position (based on data collected during the previous dayÕs recording session) and defined threshold brightness of the stimulus by adjusting the value of the stimulus filter. That gave the threshold value, calculated as 3.5 log cd/m 2 minus eye filter minus stimulus filter at the darkest background level (absolute threshold at ''indefinite'' point). Then a BI of 0.02 cd/m 2 (equal to À1.7 log cd/m 2 ) was presented, and the measurements repeated. The BI at the level of the eye was calculated as À1.7 log cd/m 2 minus value of eye filter. To obtain the next point in the light-adaptation curve, the value of the eye filter was decreased by 0.5 log units, and the value of the stimulus filter was increased by 0.5 log units. If we still had threshold response that meant that the curve had stayed flat. If we needed to reduce the value of the stimulus filter in order to obtain threshold response, that meant there was an elevation in the threshold vs the BI.
After recording the responses using the zero value of eye filter, we exposed the eye to a BI of 20 cd/m 2 for 10 min. We then measured threshold stimulus brightness at that BI, and then started dark adaptation with black occluder installed. Response thresholds were measured at 10, 20, 40, 60 and 90 min with the BI turned off, the occluder removed, and in the presence of the densest eye filter for the specific test condition. In some cases, the post-exposure time was extended to include a 3.5 h point.
In some cases, after the dark-adaptation curve was obtained, we repeated the light-adaptation study while the location of the microelectrode was kept unchanged.
Animals were processed for anatomical correlation after completion of recording. Briefly, animals were perfused with phosphate-buffered saline, eyes were removed and post-fixed in 2% paraformaldehyde for 1 h. The eyes were infiltrated with 10%, 20% and 30% sucrose before cutting on cryostat (10 lm). One set of retinal sections was stained with cresyl violet for assessing the retinal lamination: other sets were stained with a range of specific antibodies. The primary antibodies used on retinal sections were as follows: mouse anti-rhodopsin (1D4, kindly provided by Dr. Molday, University of British Columbia); JH492 was directed against the red and green pigments for cone outer segments (kindly provided by Dr. Jeremy Nathans, John Hopkins University). In addition either calbindin (Swant) or rabbit anti-protein kinase C a (Sigma) were used to define the relation between photoreceptors and cells of the inner retina. Secondary antibodies were anti-mouse IgG conjugated with FITC or Cy3 (Jackson ImmunoResearch). The sections were incubated in primary antibodies overnight before applying the secondary antibodies. Then sections were mounted in Vectashield mounting medium (Vector Lab) and examined by confocal microscopy.
Results
We found that in non-dystrophic rats of any age, multi-unit responses recorded in the SC to a stimulus intensity close to threshold were very sensitive to the small changes in stimulus brightness: increasing it by just 0.1 log units gave clear changes in PSTH and could be detected on the audio monitor. Decreasing the brightness by the same step eliminated responses. For technical reasons, we were unable to vary stimulus intensity by steps of less than 0.1 log units. The latency of the leading edge of the threshold responses was equal to or slightly longer than 200 ms (Fig. 1) in animals of all ages under study.
In untreated dystrophic RCS rats younger than 4-4.5 months, responses were also sensitive to luminance changes, but with age, it became more difficult to define the thresholds because of increased spontaneous activity and the development of bursting patterns. As a result, light-and dark-adaptation curves, while still obtainable, were noisy. Thus, the oldest untreated dystrophic RCS rats for which we present data here were 4.5 months old.
Non-dystrophic animals
Light-adaptation curves recorded in congenic RCS and Long-Evans rats of varying ages from 21 days to 5 months were very similar ( Fig. 2A) . Thresholds recorded at an ''indefinite'' BI point had minimal values equal to À3.5 to À3.7 log cd/m 2 . Thresholds started to increase at BI levels of around À6 log cd/m 2 . They grew slowly as the BI increased up to À3 log cd/m 2 , and then showed a rapid linear change up to the brightest BI used in the study, 1.3 log cd/m 2 . Dark adaptation after a specified regimen of light exposure was nearly complete in 90 min, at which point the visual thresholds were less than 15% higher than those at the fully dark-adapted state. After 3.5 h of dark adaptation the thresholds were not significantly different from the absolute threshold level ( Fig. 2B and C) .
Dystrophic RCS rats of different ages
To show the progression of changes in light-and dark-adaptation curves with age, we chose to separate the RCS rats into three subgroups: (i) young, 21-33 days old; (ii) middle, 45-70 days old; (iii) old, 3.5-4.5 months old.
Young subgroup
In this subgroup, the light-adaptation curves were clearly different from those recorded in non-dystrophic animals ( Fig. 2A) . First, the threshold response at a low BI luminance level was in the order of 1 log unit higher at 21-24 days than in non-dystrophics and slightly higher still in older rats. Second, thresholds started to increase only at BI levels brighter than À4.0 to À3.5 log cd/m 2 , instead of À6 log cd/m 2 as in normal rats. At BI levels above À3.0 to À2.5 log cd/m 2 the curves for dystrophic and non-dystrophic rats were very similar, except in the oldest rats in this subgroup, where the thresholds were around 0.3 log units higher. On the basis of these observations we have arbitrarily divided the light-adaptation curve into two parts-a dark-background component at BI level below À2 to À3 log cd/m 2 where dystrophic and non-dystrophic rats show major difference, and a light-background component at higher BI where the curves obtained in the two groups of animals approximate one another.
The dark-adaptation curves in this subgroup of RCS rats showed an initial rapid decline, and then leveled out in about 30-40 min, significantly faster than in normal rats. But, in contrast to normal rats, this steady state level was noticeably elevated over the fully dark-adapted state. There was a gradual and very slow threshold decline further with time progression, but even after 3.5 h of adaptation, the curves were still 1.1-0.6 log units higher than the absolute thresholds levels ( Fig.  2B and C) .
In some of the rats, we repeated the light-adaptation curves after 3.5 h in a dark-adapted state. In comparison with those obtained after full dark adaptation, these ''secondary'' curves showed an elevation of their darkbackground components to a new steady state level. The difference between two curves diminished starting from BI around À3 log cd/m 2 and had completely disappeared at BI levels brighter than À2 log cd/m 2 ( Fig. 2A) . Thus, the light-background components of the curves obtained subsequently in the same animal showed no difference, although the break-point in the secondary curve occurred at a BI about 1 log unit higher than that in the primary one.
Anatomical studies indicated that although the retinal lamination at 21 days old looked very similar to that of age matched controls (Fig. 5A vs B) , rod outer segments stained by a rhodopsin antibody were already disorganized in dystrophic RCS rats, while cone staining was quite similar to non-dystrophic controls (Fig. 6C  vs A) . This suggested that rod photoreceptors were already abnormal, even though the outer nuclear layer had a similar cell complement to normal.
Middle subgroup
The subgroup of RCS rats aged between 45 and 70 days differed from the younger subgroup in that both dark-and light-background components of the lightadaptation curves were significantly higher than in non-dystrophic animals (Fig. 3A) . Threshold elevations were greater at low BI (below À3 to À2 log cd/m 2 ) than at higher BI levels. At 45 days, the dark-background component was around 1.5-2.0 log units higher, while light-background component was elevated no more than 1.0 log unit. With age the thresholds of both components increased. The dark-adaptation curves (Fig. 3B) were very similar to those recorded in the younger subgroup. Again we observed a rather fast first phase of threshold recovery from light exposure, which was followed by very slow second phase. The differences between absolute thresholds and those recorded after 3.5 h of dark adaptation were slightly less than those observed in the younger subgroup, though the difference between two groups was not statistically significant (P = 0.12, t-test). Secondary light-adaptation curves recorded in this subgroup showed that, as in the younger subgroup, the second (slow) phase of dark adaptation affected only the dark-background component of the light-adaptation curves. The break-point in the secondary curves again showed displacement towards a higher BI similar to that observed in the younger group. Cresyl violet stained sections showed that while at 70 days the overall lamination in non-dystrophics was no different from 21 days, the ONL of dystrophics was reduced to 2 rows of cells. The outer plexiform and inner nuclear layers were also obviously thinner compared with early time point (Fig. 5C vs B) . Rhodopsin antibody staining showed that there was further disruption of rod photoreceptors with accumulating debris material in the subretinal space (Fig. 6D) , while cone outer segments were very short and disorganized.
Old rats
In this subgroup, the light-adaptation curves showed further elevation, so that at 4 months of age the thresholds in the lower dark-background part of the curve were nearly 4.5 log units higher than those in non-dystrophic rats, while their values in the light-background part were elevated by around 3 log units (Fig. 3A) . Break-points in the curves were around BI À2 log cd/ m 2 , close to their positions in the secondary light-adaptation curves obtained in the previous groups. Darkadaptation curves, while showing general similarity in the time course to those observed in younger groups, were clearly different in that after 30-40 min of dark adaptation, the absolute threshold level in the majority of animals was already achieved (Fig. 3B) . Repeating the light-adaptation curve recordings gave curves identical to those obtained in the fully dark-adapted state. In a few cases, the steady-state level was quickly achieved during dark adaptation, but was still higher relative to the absolute threshold seen in younger animals, although by a smaller margin (between 0.1 and 0.3 log units). Anatomical data showed that at 4 months of age, there was only a single row of photoreceptors remaining and that these were all cones: rhodopsin antibody failed to stain rods over most of the retina. The outer plexiform and inner nuclear layers were even thinner, but the overall retinal lamination was still evident (Fig. 5D ).
Dystrophic RCS rats with subretinal cell grafts
During preparative recordings in these rats, we identified the site in the SC having the lowest response threshold and its value against a BI of 0.02 cd/m 2 . In all these rats the best threshold was significantly lower than that characteristic of opposite, untreated eye, except in the youngest grafted rats (28-30 days) where visual thresholds were not significantly different. The SC receiving input from the unoperated eye gave similar threshold levels to those recorded in age-matched unoperated RCS rats, which had received no cyclosporinee.
The adaptation curves of grafted rats younger than 35 days (hRPE cell grafts, n = 4) were very similar in every respect to those recorded in the subgroup of untreated dystrophic rats aged between 21 and 30 days. In 11 grafted animals tested at 48 days to 7 months (hRPE cell grafts, age 48, 63, 120, 166 and 178 days; Schwann cell grafts: age 158 and 202 days), unlike untreated dystrophic rats, there was no systematic relationship between the threshold values and age. The lightadaptation curves lay within the range seen in youngest and middle subgroups of untreated dystrophic animals (Fig. 4A) . The dark-adaptation curves in grafted animals similarly followed the pattern seen in unoperated dystrophics and were never restored to the pattern recorded in normal rats (Fig. 4B) . No obvious differences were encountered between those animals in which the rescue was achieved using ARPE19 cells and those using Schwann cells. The typical deterioration in response characteristics seen in unoperated dystrophics with age was not seen in grafted animals. Preservation of curve characteristics in older transplanted rats is illustrated in Fig. 4 . It shows that even in a 7-month old transplanted rat, the characteristics of the adaptation curves were indistinguishable from those observed in a 45-day old untreated rat, with respect to the threshold values in the light-adaptation curve, the position of break-point and the time course and the residual threshold level in the dark-adaptation curve. In addition, the bursting spontaneous activity seen in unoperated dystrophics older than 5 months of age was not encountered here. None of the grafted rats, however, showed improved threshold performance towards levels recorded in non-dystrophic animals.
Subretinal grafting of ARPE19 or Schwann cells preserved both rod and cone photoreceptors. Compared with unoperated controls (Fig. 5D ) at 4 months when there is only a single layer of photoreceptors left, there were 4-5 rows of photoreceptor rescued in the retina with either human Schwann cell (Fig. 5E ) or human ARPE19 grafts (Fig. 5F ). Both outer and inner nuclear layers were clearly defined and separated by a distinct outer plexiform layer. Cone antibody staining revealed that there were many cone outer segments (Fig. 6E) . Rhodopsin antibody stained both outer segment material and rod cell bodies. This is in contrast to non-dystrophic control retina (Fig. 5B) , in which only rod outer segments were rhodopsin positive. In the course of photoreceptor degeneration, rod bipolars lose their dendrites, but they are preserved in the grafted retinas (Fig. 6F) .
Discussion
These results show that both light-and dark-adaptation curves achieved by recording multiunit activity from the SC can discriminate visual performance in normal and dystrophic rats and show a progression of Fig. 5 . Retinal sections stained with cresyl violet. A was from a 22-day old non-dystrophic RCS rat, showing the normal retinal layers. B was taken from a 22-day old dystrophic RCS rat: the retinal layers are similar to the age matched control A. C and D were taken from 70-day old (C) and 4-month old (D) dystrophic RCS retinae: the photoreceptor nuclei were reduced to 2 rows of cells (arrows in C) at 70 days, and only single row at 4 months (arrows in D); E and F were 4-month old retinae with human Schwann cell (E) and human retinal epithelium cell (F) transplants. Compared with the 4-month old control (D), there was significant photoreceptor rescue (about 4-5 rows of photoreceptors are still present-arrows) and the inner retinal layers appear better preserved. Scale bar: 50 lm. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer; RGC, retinal ganglion cell layer, RPE, retinal pigment epithelium. change in dystrophics which is limited by cell transplantation to the subretinal space.
In normal rats, we defined an absolute threshold of À3.6 log cd/m 2 which is slightly higher than that found previously (Kurylo et al., 1991 ) using a psychophysical test (À4.8 log lW/cm 2 , equal to À4.2 log cd/m 2 ). The light-adaptation curves show two components: a darkbackground one, where thresholds grow slowly as BI increases, and light-background component characterized by a faster rise of thresholds with increased BI. We presume that the breakpoint between the two components of the curve corresponds to the point at which cones shows an RCS congenic rat (2.5-month old), double stained with rhodopsin (red) and PKCa (green). (C) shows a 22-day old RCS dystrophic retina; the cone antibody staining was very similar to the control retina A. With age the debris zone was thicker as revealed by rhodopsin antibody staining, as shown in D (from 70-day old RCS rat). Both E and F are sections of the same retina with subretinal human RPE transplant at 4-month old. The cone outer segments were very short and segmented (E), while the rhodopsin staining showed that 4-5 row photoreceptors were labeled. There was some disorganized segment material (OS); the photoreceptor cell bodies were all rhodopsin positive (arrows). Abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer segments. Scale bars equal 20 lm. (A) Retinal sections of non-dystrophic RCS rat (22-day old) double stained with cone antibody JH492 (green) and PKC (red); (B) non-dystrophic RCS rat (2.5-month old) double stained with rhodopsin (red) and PKC (green); (C) 22-day old dystrophic RCS rat. The cone antibody staining is very similar to the control retina (A). (D) 2.5-month old RCS rat. With age the outer segments are disorganized and shorten; (E) and (F) dystrophic 4 months old RCS rat with subretinal human RPE transplant. Notice that the cone outer segments are very short and fragmented. (E), while the rhodopsin staining shows 5-6 rows of survived photoreceptor cells; the cell bodies are rhodopsin-positive (arrows). Abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer segments. Scale bar: 20 lm.
are activated and evidence presented below will add support to this conclusion. The dark-adaptation curve shows no obvious sign of being governed by two different cone-and rod-specific mechanisms, unlike that claimed by Perlman (1978a) . To resolve rod-cone time constants in the curve, higher time resolution of threshold measurements than those possible with our method is necessary, but this was not the goal of the present study.
In dystrophic rats, the absolute thresholds are significantly higher than in normal animals, even in very young dystrophic RCS rats, 21 days old. Our figures of absolute thresholds (around À2.8 to À2.6 log cd/m 2 ) are closely comparable to that reported by Kurylo et al. (1991) (À3.4 log lW/cm 2 , equivalent to À2.8 log cd/m 2 ). Unlike normal rats, light-adaptation curves show no elevation with increased BI at low luminance until a BI approximating the breakpoint observed in normal animals. The dark-adaptation curves show a rapid recovery to a plateau level, within 30-40 min, consistent with the idea that there is no longer any rod activity and that the difference in thresholds reflect the loss of rod function. Such an assertion has two qualifications that relate to the age at which the animals are studied. First in youngest dystrophic rats, the absolute threshold is around 1 log unit above that recorded in normal rats. However it can seemingly be elevated by a prior period of light exposure and subsequent dark adaptation. The darkadaptation curve rather than reaching absolute threshold, leveled out at a higher level in about 30-40 min and continued to decrease very slowly for several hours. These observations suggest that there is residual rod function in these animals but that it can only be revealed in fully dark-adapted animals after the cycle of light exposure and dark adaptation. Thus, the difference in the two threshold levels seen in the primary and the secondary light-adaptation curves gives an indication of residual, though very abnormal, rod function. Rod light sensitivity is lower than normal: the primary light-adaptation curves only begin to rise with increased BI when the BI is (at different ages) 2.5-3.5 log units higher than in normal animals. Then, rods show abnormally slow dark adaptation so that the light exposure results in complete and long-lasting inactivation of their function. Hence, the secondary light-adaptation curve reflects the threshold level governed by cones. With age, the two lines converge, suggesting that the poorly adapting rod function is lost. Beyond this age, there is a continued increase in absolute threshold, which is most likely due to deterioration in cone function, either because of progressive loss of cones or dysfunction of remaining cones.
Our conclusion that only cones are still functional in old RCS rats confirms speculations encountered in previous papers Noell & Salinsky, 1985) and is in accord with absence of rhodopsin positivity in older dystrophic rats and of a rhodopsin contribution to the ERG response (Pinilla, Lund, & Sauvé, 2004) . Cicerone et al. (1979) explored this by measuring changes in spectral sensitivity curves recording from ganglion cell axons in aging albino RCS rats. They showed some displacement of peak sensitivity in 5-month old animals toward that characteristic of cones, but because of very narrow difference in rod and cone peak spectral sensitivity (500 nm for rods, and 510 nm for midwave cones, Jacobs, Fenwick, & Williams, 2001 ) the results were equivocal. Noell and Salinsky (1985) stressed that the only photoreceptors seen in old RCS rats are cone-like cells. The discrepancy between the studies of Trejo and Cicerone (1987) , who showed major differences between dystrophic and normal rats in visual sensitivity, and Kaitz (1976) , who showed much less difference, can be explained by the fact that in the former study (Trejo & Cicerone, 1987) rats were dark adapted, and clear deterioration of visual function with age in RCS rats was found, whereas the latter one (Kaitz, 1976) was performed in light-adapted rats, where very much less difference would be expected.
Our observation that in RCS rats starting at a very young age, the rod system adapts abnormally slowly after moderate light exposure echoes PerlmanÕs data (Perlman, 1978a) . He showed that after exposure to stronger light which bleaches 90% of rhodopsin, darkadaptation continues for much longer than in non-dystrophic rats. In our case, the proportion of bleached rhodopsin was even lower, approximately 20%, and still we observed very prolonged rod dark adaptation. With densitometry technique, Perlman (1978b) showed that rhodopsin regenerates after bleaching to reach a plateau level, below the previous dark-adapted level, and this process lasts for several hours. That corresponds very well with our visual threshold measurements. One explanation may be that since rhodopsin regeneration involves RPE cells, the gene mutation in RCS rats may also compromise this function from a very early age.
The events seen after transplantation suggest that even at short survivals, adaptation curves are not compromised by the transplant procedure. There is however no evidence of recovery of rod function with survival of up to at least 7 months even though rods are preserved anatomically, and previous electron microscopic studies (Coffey et al., 2002) . have shown good outer segment rescue at this age after transplantation using similar technology: it is apparent that the animals are effectively Ônight blindÕ. The use of cyclosporine alone might have had some effect in rescuing photoreceptors and thus giving the impression that the effects attributable to transplantation are instead simply a result of a cyclosporine effect. This has been controlled for in the present (see Results, Section 3) and parallel studies in which cyclosporine delivered as in this experiment had no rescue effect on either morphology (Raibon & Lund, unpublished result) or retinal sensitivity (Sauvé & Lund, unpublished result) in RCS rats. The simple assumption that transplantation of healthy RPE cells can functionally replace defective ones in RCS rat seems not to be true. This is perhaps disappointing when extrapolating the transplantation approach to clinical application. However, an important observation is that transplantation has a major impact on cone function, which is nearly the same at 7 months as at the time of transplantation, whereas without transplantation of either donor cell type, only high threshold responses remain. The mechanism whereby the cone rescue occurs is not clear, especially taking into account that transplantation of Schwann cells shows a similar positive effect to RPE cell transplants and yet these cells are so different. Possibly rather than the donor cells functioning by replacing dysfunctional host RPE cells, they may each be supplying trophic factors to limit the progress of photoreceptor degeneration. The rationale of performing Schwann cell transplantation was that these cells produce a range of factors (including CNTF, GDNF, BDNF and FGF), known to support photoreceptor survival (Lawrence et al., 2000) . While the original expectation was that RPE cells may replace dysfunctional ones, the present results argue that such replacement may be incomplete and that perhaps like the Schwann cells, their role might also be in the production of growth factors, such as PEDF (Cao et al., 2001; Tombran-Tink & Barnstable, 2003; Tombran-Tink, Chader, & Johnson, 1991) . Why cone function should be rescued over the long term, but not rods with either transplant approach may be because rod function may not be properly restored because the relation with RPE cells is not sufficiently well established to allow normal pigment recycling. Cones on the other hand appear to be able to recycle visual pigments by way of Muller cells (Mata, Radu, Clemmons, & Travis, 2002) and so are independent of any RPE dysfunction. However, as suggested by the work of Sahel et al. (2001) , rescuing rods may have a secondary effect in rescuing cones, even though the rods do not themselves function effectively in phototransduction. An alternative possibility is that both are rescued in parallel through similar mechanisms. In conclusion, the function of rod photoreceptors is severely compromised in dystrophic RCS rats as young as 21 days old. Rod sensitivity is 2.5-3 log units lower than in normal rats and recovery is very slow after exposure to illumination even of moderate brightness. This is at a time when the thickness of the outer nuclear layer is near normal, although there is indication of some disruption of outer segment membranes.
With age, the rod function deteriorates further, so that no trace of rod activity can be seen after around 4 months. In contrast, the function of the cone system deteriorates slowly with age. At 21-25 days of age, cones show near normal function. Starting at around 4 months of age all retinal function can be attributed to the cone system alone, although thresholds are at that time 2.5-3 log units above normal. Transplantation of RPE or Schwann cells, though never producing normalization of retinal functions, can significantly slow down the process of functional deterioration so that the best preserved retinal area in animals older than 4 months (even 7-8 months in the best cases) can display nearly the same cone function as in 1-2 month old untreated RCS rats.
